1. We examined the export of invertebrates (aquatic and terrestrial) and coarse organic detritus from forested headwaters to aquatic habitats downstream in the coastal mountains of southeast Alaska, U.S.A. Fifty-two small streams (mean discharge range: 1.2-3.6 L s )1 ), representing a geographic range throughout southeast Alaska, were sampled with 250-lm nets either seasonally (April, July, September) or every 2 weeks throughout the year. Samples were used to assess the potential subsidy of energy from fishless headwaters to downstream systems containing fish. 2. Invertebrates of aquatic and terrestrial origin were both captured, with aquatic taxa making up 65-92% of the total. Baetidae, Chironomidae and Ostracoda were most numerous of the aquatic taxa (34, 16 and 8%, respectively), although Coleoptera (mostly Amphizoidae) contributed the greatest biomass (30%). Mites (Acarina) were the most numerous terrestrial taxon, while terrestrial Coleoptera accounted for most of the terrestrial invertebrate biomass. 3. Invertebrates and detritus were exported from headwaters throughout the year, averaging 163 mg invertebrate dry mass stream )1 day )1 and 10.4 g detritus stream . We estimate that every kilometre of salmonid-bearing stream could receive enough energy (prey and detritus) from fishless headwaters to support 100-2000 young-of-the-year (YOY) salmonids. These results illustrate that headwaters are source areas of aquatic and terrestrial invertebrates and detritus, linking upland ecosystems with habitats lower in the catchment.
Introduction
Movements of prey and detritus among habitats can have strong influences on consumer resources, populations, food webs, community dynamics and ecosystem processes (Polis & Hurd, 1996 ; Polis, Anderson neighbouring marine ecosystem than in unsubsidised systems. Wipfli et al. (1998 Wipfli et al. ( , 1999 showed that a marine subsidy from salmon carcasses raised invertebrate density by 3-25 times in Alaska streams. Nakano et al. (1999) found that, by excluding terrestrial arthropod subsidies to a stream, predation pressure by salmonids on aquatic invertebrates increased.
Stream communities commonly receive subsidies from both nearby and more distant habitats and ecosystems. For example, allochthonous litter from streamside plants often comprises the bulk of the energy assimilated by benthic invertebrates in small forest streams (Fisher & Likens, 1973; Vannote et al., 1980; Cummins et al., 1989; Wallace et al., 1997) . Terrestrial invertebrates originating from riparian forests fall prey to fishes (Hunt, 1975; Cadwallader, Eden & Hook, 1980; Nielsen, 1992) , and can form a large portion of the invertebrate mass ingested by salmonids (Wipfli, 1997; Nakano et al., 1999; Kawaguchi & Nakano, 2001) . River corridors often get substantial energy and nutrient subsidies from marine ecosystems in regions that support salmon or other anadromous fishes (Levy, 1997) , influencing food web dynamics and productivity (Schmidt, Carlson & Kyle, 1998; Wipfli et al., 1998 Wipfli et al., , 1999 . River continuum theory also predicts that stream communities are partially supported by allochthonous plant litter and autochthonous production transported from upstream (Vannote et al., 1980) .
Headwater streams produce a range of benthic invertebrates and much particulate detritus (Wallace, Vogel & Cuffney, 1986; Wallace et al., 1997; Stone & Wallace, 1998) . However, their role in subsidising downstream communities, including fishes, via the fluvial transport of prey (in invertebrate drift) and detritus, is not clear (Allan, 1995; Wallace et al., 1997; Giller & Malmqvist, 1998) . Aquatic invertebrates are often common in drift (Allan, 1995) with drift densities ranging <1-116 individuals m )3 water (O'Hop & Wallace, 1983; Waringer, 1992 ; see Giller & Malmqvist, 1998) . Both aquatic and terrestrial invertebrates can be common prey for fishes in fresh water (Mundie, 1974; Hunt, 1975; Nielsen, 1992; Wipfli, 1997; Nakano et al., 1999; Kawaguchi & Nakano, 2001) , but the supply of invertebrates transported from fishless headwaters to downstream communities is not quantified. There are several physical features of stream valleys in southeastern Alaska that may strengthen the subsidy of downstream fish communities. High rainfall, steep valley walls and shallow soils produce catchments with extensive networks of small fishless (ephemeral and permanent) channels that feed into salmonid streams (Harris et al., 1974; Johnson, Swanston & McGee, 2000) . Because of their abundance and small size, these headwater streams have a high perimeter-to-area ratio, greatly increasing the streamland interface (Polis et al., 1997) . These same characteristics (i.e. high rainfall, steep valley walls, shallow soils) make the streams vulnerable to sudden and frequent spates, increasing invertebrate drift density and the distance travelled (see Brittain & Eikeland, 1988) . Finally, their high gradient produces torrential streams with a high mean velocity, even at low flow, facilitating the transport of prey and particulate organic matter downstream.
Our objective was to determine if headwater streams (defined here as any high gradient, fishless stream) provide invertebrates and detritus to downstream (potentially salmon-rearing) habitats in southeastern Alaska. Specifically, we wanted to measure the fluvial transport of aquatic and terrestrial invertebrates (i.e. food for fish) and organic detritus (i.e. food for many aquatic invertebrates) from forested uplands to downstream habitats, to evaluate the potential for upland streams without fish to serve as sources and conduits of energy to salmonids downstream.
Methods

Study sites
Southeastern Alaska has a maritime climate, moderate temperature and much precipitation (which can exceed 500 cm year )1 ) (Harris et al., 1974 (McClellan et al., 2000) . We sampled 52 streams distributed across four study areas throughout the Tongass National Forest in southeastern Alaska: Catherine Island (including three streams on neighbouring Baranof Island) (n ¼ 17), Kupreanof Island (n ¼ 16), Prince of Wales Island (n ¼ 17) and the mainland near Juneau (n ¼ 2) (Fig. 1) . In each area, study streams were located within 6 km of each other, and were located within a single catchment (Juneau mainland, Kupreanof Island) or were spread among three catchments (Baranof Island, Prince of Wales Island). Timber harvesting planned over the next few years ranges from no-cut to clearcut treatments, with several intermediate partial-cut treatments, across 16-ha parcels. All streams drained old-growth forests at the time of sampling.
Study streams were small (wetted width <1 m), shallow (mean depth <20 cm), high-gradient (mean grade, 23°) and cold (mean temperature, 8.4°C) ( Table 1 ). The length of stream between its origin and the sampling site was generally less than 0.5 km. All streams contained some surface flow (mean, 2.7 L s )1 ) during all sampling bouts, albeit negligible for some streams during dry periods (down to 0.008 L s )1 ). Their high gradient and lack of suitable habitat prevented fish from colonising reaches upstream of our sampling sites, although fish (combinations of species listed above) were present below study reaches (determined from observations and sampling). Our study streams fell into three broad categories based on their association with downstream fish-bearing habitats: (1) abrupt contact with fish-bearing streams where the high gradient (typically > 15°) headwater streams fed into lower-gradient (typically < 5°) fish streams at a clearly defined gradient change, (2) where the gradient break was gradual through a transitional reach and this reach may contain fish at certain times (e.g. high flows), and (3) same as either of the above except streams fed into brackish or saltwater that contained fish. Most streams were in the second category. We deliberately selected sampling sites (points along the stream) believed not to contain fish, but upstream of systems Values are in mean (range). *Length is of wetted streambed upstream from sampling site during base flow.
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with fish, to allow us to assess the actual or potential contribution of material from fishless headwaters to salmonid streams.
Sampling procedures
Transport of invertebrates (aquatic and terrestrial) and organic detritus (i.e. particulate organic matter ‡ 250 lm) was measured with a 250-lm net attached to one end of a 75 cm long, 10 cm diameter plastic pipe frame, which rested on the stream bottom. The frame with attached net was secured in the middle of each stream with sandbags, one per stream. Because the sampler was placed on the stream bottom, we captured seston (suspended particulate organic matter) as well as bedload particulate organic matter, which we collectively labelled detritus, and macroinvertebrates in the drift as well as those moving downstream along the streambed. Facilitated by high stream gradient, the downstream end of each horizontal pipe rested above the stream surface; discharge through the sampler was determined by recording the time taken to fill a container of known volume. Discharge was measured at the beginning and end of each sampling period, a mean calculated, and this value was used to determine the density of invertebrates (individuals m )3 ) and detritus ( ‡250 lm diameter, g m )3 ). Most of the streams were sufficiently small for the entire streamflow to pass through the pipe. If not, the percentage relative to the total streamflow was estimated. This fraction was used to extrapolate the transport measured through the net for the whole stream. Replicates were streams within each study area (Prince of Wales Island, Kupreanof Island, Catherine/Baranof Islands and Juneau mainland). Streams were sampled continuously either over a 24-h period once every 2 weeks over 2 years for the local area (Juneau mainland, n ¼ 2) or over a 72-h period every season (spring, April; summer, July; autumn, September) at the remote areas (Prince of Wales Island, Kupreanof Island and Catherine/Baranof Islands, n ¼ 50). We sampled over a 72-h period (with the exception of the two Juneau streams) and then averaged the data over a 24-h period to help reduce among-day variability as a way to provide a more reliable daily drift measurement. The Juneau streams were selected for study because we could visit these sites throughout the year; all remaining streams were remote where access was limited to float planes and therefore frequent and winter sampling was not possible.
Sample processing
Invertebrates were sorted from detritus either live (Juneau mainland) or after being preserved in 70% EtOH (all remote areas). They were identified to the lowest reliable taxon, their body lengths measured, and dry mass determined using taxon-specific lengthmass regression equations (Rogers, Buschbom & Watson, 1977; Smock, 1980; Meyer, 1989; Sample et al., 1993; Burgherr & Meyer, 1997; Wipfli, unpublished data) . Invertebrates were categorised as either aquatic or terrestrial if they were a product of aquatic or terrestrial secondary production, respectively (Wipfli, 1997) . The remainder of the sample (detrital component) was oven-dried, weighed, ashed (at 500°C for 5 h) and reweighed to determine ash-free dry mass (AFDM).
Results
The amount of transported invertebrates and detritus varied widely among streams. Invertebrate transport rates averaged about 600 individuals stream
through the year in the two streams near Juneau and was about half that (320 individuals stream )1 day )1 ) at the other sites (Fig. 2a) . This translated into a mean drift density of roughly 2.4 invertebrates m )3 water (range < 1-22 invertebrates m )3 water) across sites (Fig. 3a) . For the three numerically most common aquatic taxa (Baetis, Chironomidae and Ostracoda: Both aquatic and terrestrial invertebrates were abundant in the transport, but greater numbers of aquatic invertebrates were captured at all four locations (Figs 4 & 5) . Mayflies (mainly Baetis), true flies (mainly Chironomidae), ostracods and stoneflies (mainly Zapada) generally dominated the aquaticderived portion of the drift community, while terrestrial mites dominated numerically the terrestrial portion (Tables 2 and 3 ). However, because of their larger size, certain terrestrial taxa comprised a greater fraction of the drift in terms of biomass than in numerical abundance. For example, beetles (mainly Staphylinidae and Carabidae) accounted for nearly half the biomass of terrestrial invertebrates collected across sites (Table 2) . Other large-bodied aquatic invertebrates were also prevalent when biomass rather than numbers was considered; crane fly larvae (Diptera: Tipulidae) and beetles (amphizoids, hydrophilids and dytiscids) comprised much of the aquaticproduced biomass among sites (Table 3) . Of the aquatic species, tipulids were most abundant during spring collections, while beetles were common from spring to autumn. Within the terrestrial category, beetles, spiders and collembolans were generally equally abundant throughout spring, summer and autumn. Aquatic species dominated the winter collections although collembolans also were collected in moderate numbers during winter.
Organic detritus showed similar patterns of transport as those recorded for invertebrates (Fig. 6) . While transport occurred throughout the year, no large differences were observed among seasons for all sites. Transport averaged about 38.7 g stream )1 day )1 (Fig. 6a) or 0.24 g m )3 water (Fig. 6b) at the Juneau site and 10.4 g day )1 (0.05 g m )3 water) at the other sites. As with invertebrates, a wide range of detritus mass was transported among streams within sites. 
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Although all sites across all seasons showed considerable variability, the greatest range occurred at the Catherine/Baranof Island site from 0.4 g to roughly 200 g stream )1 day )1 total transport during autumn and <0.01-0.39 g m )3 water during summer.
Finally, invertebrate and detritus transport was not strongly correlated with stream-specific temporal fluctuations in discharge. Correlation coefficients for individual stream discharge versus invertebrate transport, discharge versus detritus transport, and detritus transport and invertebrate transport were 0.53, 0.41 and 0.28, respectively.
Discussion
The forested headwaters in this study provided a year-round source of invertebrates and detritus for habitats downstream. Because of their potential to produce and deliver food to downstream consumers, and their abundance across the landscape in southeastern Alaska, these fishless headwaters and associated stream networks may be important food conduits for downstream food webs, potentially subsidising several trophic levels (e.g. biofilm, invertebrates and fishes) and in turn increasing aquatic production of larger streams. However, the amount of prey and detritus that these streams contribute to communities downstream remains unclear, relative to other sources such as in-stream and hyporheic production and riparian and marine inputs (Allan, 1995; Wallace et al., 1997; Giller & Malmqvist, 1998; Naiman & Bilby, 1998; Cederholm et al., 1999; Wipfli et al., 1999) . Nonetheless, simply through their shear number these streams potentially contribute substantial amounts to downstream aquatic habitats.
Export from the streams in the Juneau area were on average about two times higher than others. It was difficult to attribute the high variability in invertebrate and detritus export among all streams to any specific factor. Export was not highly correlated with discharge, although we did not specifically attempt to measure export relative to rain events. Southeastern Alaska is a temperate rainforest typically receiving precipitation throughout the year (Harris et al., 1974) , which often falls steadily and daily for weeks or even months. This 'press' versus 'pulse' precipitation probably explains why export did not closely track discharge. We believe the wide range in detritus and invertebrate export among streams was more a function of certain prevailing physical factors, such as local habitat, refugia or retention capacity. From a fisheries perspective, these headwaters may be crucial habitats for producing invertebrates (prey for fish). The invertebrate drift densities in the headwaters in this study (<1-22 individuals m Wallace, 1983; Waringer, 1992; see Allan, 1995; see Giller & Malmqvist, 1998) . Although scant, published evidence supports the hypothesis that salmonid populations along the west coast of North America are often foodlimited (Chapman, 1966; Mundie, 1974; Ashley & Slaney, 1997) . Wipfli (1997) documented that terrestrial invertebrates comprise at least half of the prey ingested by salmonids (juvenile salmon, char and trout) in some southeast Alaska streams. While some terrestrial prey come directly from streamside vegetation adjacent to salmonid-bearing habitats, the amount (including aquatic invertebrates) that indirectly enters fish-bearing systems via small fishless permanent or ephemeral feeder streams is unclear. Because these feeder streams are abundant throughout the southeast Alaska landscape (Harris et al., 1974) and elsewhere, they may be substantial contributors of invertebrates to whole-catchment energy budgets. The bifurcated stream networks in southeast Alaska provide numerous points of contact or Energy subsidy from headwaters to downstream habitats 963 transition zones between streams with and without fish (USDA, 1995) . Conversely, relative to other sources such as in-stream production and terrestrial invertebrate inputs, these streams may contribute only a small fraction of the prey requirement. These headwater streams are also conduits for organic detritus from forests upstream. Although the headwater streams in this study individually exported 10 times less organic matter (0.05-0.24 g m )3 water) than headwaters reported elsewhere (0.5-4.0 g m
water) (Wallace, Ross & Meyer, 1982; Wallace et al., 1991) , their abundance throughout the landscape makes them a potentially important source of this material. River continuum theory suggests that organic matter is transferred from small to large systems, implying that downstream communities are subsidised by upstream riparian and stream habitats (Vannote et al., 1980) . Clearly, the forested headwater streams sampled in this study receive allochthonous input from adjacent riparian vegetation. Scheduled timber harvesting in these upland forests is expected to change the riparian plant community composition and structure, in both the understory and overstory (McClellan et al., 2000) . The resulting change in allochthonous input may have a large impact on the eventual organic matter transport from these habitats. However, although decreased allochthonous inputs should follow timber harvest, more light reaching the streams could increase primary production, which may in part alleviate the predicted reduction in transport of organic matter previously derived from streamside plants (Gregory et al., 1987) , provided increased production is not obliterated by sedimentation from logging (Waters, 1995) . Although the detrital fraction measured in this study represents only a fraction of the entire organic matter suite (Wotton, 1994) , we believe that it is a reasonable indicator of the relative organic matter abundance among these streams and will therefore serve as a practical and reliable tool for assessing relative changes in organic matter transport through time following timber harvest in these stands.
In an attempt to develop an understanding of the potential significance of this transport to downstream fish-bearing food webs, we calculated crude estimates of the amount of material (detritus and invertebrates) potentially entering salmonid habitats, and the subsequent number of juvenile salmonids this material could support. First, we calculated headwater stream frequency by counting the number of permanent streams that occurred as one follows the slope contour across each study plot, for the three remote research sites in this study (mean, 3.7 streams km )1 ); these three sites were used and not the Juneau site because these sites contained enough streams for a reliable estimate. We made the assumptions here that fishless streams enter fish-bearing streams, and enter them via surface flow, and that each salmonid-bearing stream receives headwater inputs from both banks (·2). Therefore, every 1 km of salmonid stream receives: ; 2 signifies that headwater streams enter salmonid streams from both banks; N ¼ number of fishless headwater streams entering every 1 km of salmonid stream along one bank (3.7 streams km )1 ). At a maximum sustained consumption rate of 20 mg prey day )1 for 2-3 g young-of-the-year (YOY) salmonids at 10°C (Elliott, 1975; Dunbrack, 1988) , Energy subsidy from headwaters to downstream habitats 965 headwaters for 1 km of salmonid stream could theoretically feed an average of 60 fish. However, there are some considerations that influence this estimate. We sampled permanent streams (no ephemeral streams were sampled) and only invertebrates >250 lm (no invertebrates <250 lm were sampled). This estimate also ignores the contribution of detritus and other organic matter (including dissolved organic matter) that feed the microbial and invertebrate communities in the receiving food webs, which in turn support fish. Further, it reflects satiation or maximum sustained feeding by fishes (Elliott, 1975; Dunbrack, 1988 ) and does not consider lower feeding rates (Jobling, 1994) probably occurring in these food-limited systems (Chapman, 1966; Mundie, 1974; Ashley & Slaney, 1997) . Incorporating plausible 'correction' values for these factors (ephemeral streams, ·1-2; invertebrates <250 lm, ·1.5-2; organic matter, ·1.5-2; restricted YOY feeding, ·1-4) into the energy budget equation, the total number of YOY salmonids supported by headwater streams ranges from 100 to 2000 fish km
stream. We believe these estimates provide useful insight into the potential dependence of downstream habitats (including salmonid-producing habitats) on upland ecosystems in southeastern Alaska, and on the connectivity between these habitats. Stream and catchment-specific physical and biological features (gradient, subsurface flow, catchment geometry, channel roughness and complexity, invertebrate drift distance, spiralling length, riparian vegetation) will probably affect prey and organic matter delivery to salmonid habitats. In addition, the fate of invertebrates once they enter salmonid habitats is not known. While it is likely some are directly consumed, others may be temporarily retained (possibly to be consumed later) or, depending on the length of the salmonid-bearing reach and the discharge at the time, may be transported through to the estuary without being incorporated into the freshwater food web at all. Clearly, these factors need to be evaluated and incorporated to refine these models and budget estimates.
Knowing the amount of invertebrates delivered from headwaters relative to secondary production within the streams with fish would provide insight into the relative importance of these headwaters in the catchment-wide prey budget (for fishes). Assuming that the average width of fish-bearing tributaries in southeast Alaska that receive this headwater export is 1 m, delivery of 1210 mg invertebrate dry mass km . Comparing this input with secondary production estimates of 1 g AFDM m )2 year )1
for southeastern Alaska streams (Duncan, Brusven & Bjornn, 1989) suggests that delivery from headwater stream is around half of stream secondary production. However, relative to secondary production estimates elsewhere of <1-12 g AFDM m )2 year )1 (Fisher, 1995; Mackay, 1995; Wallace et al., 1997) , prey from headwaters would contribute a smaller fraction. This study highlights one mechanism that links upland forests, headwater stream margins, headwater streams and larger streams within the valley bottom. It also emphasises how transport of energy (prey and detritus) from certain habitats or ecosystems may subsidise neighbouring or more distant food webs (Polis & Hurd, 1996; Polis et al., 1997; Wipfli, Hudson & Caouette, 1998; Nakano et al., 1999; Wipfli et al., 1999; Kawaguchi & Nakano, 2001) . Because fishless headwaters are so abundant in this coastal temperate rainforest, they may contribute substantially to the overall energy budgets of the fish-bearing habitats they flow into. The proposed alternative strategies to clearcutting in these forests will undoubtedly have profound and variable effects on the energy pathways of these upland streams, and the subsequent flow of material (e.g. invertebrates and detritus) to downstream food webs. We predict that partial or complete riparian forest canopy removal will initially provide less allochthonous inputs and more autochthonous production (because of increased solar radiation) in these small streams (Fisher & Likens, 1973; Gregory et al., 1987; Hetrick et al., 1998) . We also predict that harvesting practices that remove fewer trees per stand will cause smaller shifts (less amplitude and shorter duration) in energy pathways than harvesting scenarios that remove more timber. Some of these 'intermediate' alternative strategies (i.e. versus no cutting or clearcutting) may actually increase headwater productivity and downstream material transport, provided the physical integrity of these systems is not compromised, as streams receive increased solar radiation while sustaining some level of allochthonous inputs from the riparian trees and understory plants that remain. However, timber harvesting may also increase soil erosion and sedimentation (Waters, 1995) , which may ultimately obliterate biological responses.
